necroinflammation. This can be achieved by classic histopathologic examination of a liver biopsy specimen and the use of numerical scoring systems, such as the Metavir or Ishak scores. 2, 3 Noninvasive surrogates of histopathology, such as fibrosis blood tests and transient elastography, are nowadays used in daily clinical practice, mainly to detect clinically significant fibrosis and cirrhosis. 4 The objective quantification of collagen deposition in liver biopsy material by different image analysis systems, [5] [6] [7] although not routinely performed, gives a continuous measure of fibrosis, useful for statistical analyses, and reduces intra-and inter-observer variability. Moreover, such an objective quantification allows for valuable correlations with histological scores and noninvasive evaluation of liver fibrosis, especially after disease treatment. [6] [7] [8] Nearly all morphometric studies reported so far have measured the whole fibrosis surface area in the liver specimen, regardless of its portal or lobular distribution. The first objective of our study was to develop an automated image analysis system to quantify not only the area of whole fibrosis, but also, in a separate and reliable manner, the areas of portal-bridging or perisinusoidal fibrosis on liver biopsy specimens from a large series of chronic hepatitis C. In addition, we measured the fractal dimension of whole fibrosis, portal-bridging fibrosis, and perisinusoidal fibrosis in order to explore their respective geometric organization in space. As previously shown, 9 fractal analysis is a mathematical method providing a quantitative characterization of complex structures that interpolate between regular geometric structures such as surfaces, lines, or points in space.
Our secondary objectives were to evaluate the respective relationships between the different fibrosis areas and the Metavir fibrosis stage and activity grade, the digitally assessed steatosis area, and, finally, the liver stiffness measurement by elastography.
Our results suggest that (1) the measure of the portal-bridging fibrosis area is a more accurate tool to assess liver fibrosis progression in chronic hepatitis C than the usual measure of the whole fibrosis area, and (2) the perisinusoidal fibrosis, although progressively increasing and predominant in low stages, does not influence liver stiffness evaluation.
Materials and methods

Patients
A total of 755 chronically HCV-infected patients were prospectively enrolled from March 2004 to September 2008 in three French academic centers (Angers, Bordeaux, Grenoble) or in the multicenter FIBROSTAR study promoted by the French National Agency for Research in AIDS and hepatitis. 10 Patients were included if they tested positive for anti-HCV antibodies and HCV RNA in serum.
Exclusion criteria were additional causes of liver disease (eg, human immunodeficiency virus or hepatitis B virus coinfection, hemochromatosis, autoimmune hepatitis, alcohol consumption 430 g/ day in men or 420 g/day in women), cirrhosis complications (eg, ascites, variceal bleeding, systemic infection, and hepatocellular carcinoma), immunosuppressive treatment, or antifibrotic treatment in the past 6 months. Informed consent was obtained from each patient. The study protocol complied with the ethical guidelines of the current Declaration of Helsinki and received approval from the local Ethics committee.
Liver Stiffness Measurement
Fibroscan examination (Echosens, Paris, France) was performed using the standard probe (M probe) 1 week before liver biopsy. The manufacturer's instructions were followed. 11 The experienced observer (450 Fibroscan examinations before the study) was blinded to the patient data. Fibroscan examination was discontinued after 10 valid measurements were recorded. Fibroscan results (kilopascals (kPa)) were expressed as the median and the interquartile range of all valid measurements.
Histological Study
Percutaneous liver biopsy was performed using a 1.4-1.6-mm-diameter needle. Specimen length was measured before paraffin-embedding. Then, 5 mmthick sections of formalin-fixed, paraffin-embedded tissue were stained with hematoxylin-eosin-saffron or 0.1% picrosirius red stain and used for both optical and image analyses. Liver fibrosis and inflammatory activity were assessed according to the Metavir histological score 2 by two senior experts in Angers, one senior expert in Bordeaux and Grenoble, and two senior experts in the FIBROSTAR study (central reading); in case of discordance, a consensus was reached by the experts.
Image Analysis
Image acquisition. For each patient, a picrosirius red-stained section of the whole liver biopsy was scanned using the Aperio Scanscope s CS System (Aperio Technologies, Vista, CA, USA). The image processor provided high-quality images of 30 000 Â 30 000 pixels and a resolution of 0.5 mm/ pixel (Figure 1a) . The operator manually suppressed artifacts (such as folds or dust) or liver capsule (if present) on digital images and measured the digital liver specimen's length. A binary image (black and white) of the whole specimen was obtained by automatic thresholding of the red pixels using an algorithm developed in our laboratory (Figure 1b) . 
Calculated data
Areas of Fibrosis. The area of whole fibrosis was measured on the binary image with the use of ImageJ software. 12 We developed an automated segmentation algorithm in order to separately detect and quantify the portal and/or bridging fibrosis (referred as the area of portal-bridging fibrosis), therefore bypassing the selection of areas of interest by a pathologist (Figures 1c and d) . The area of perisinusoidal fibrosis relative to the lobular area was calculated by the software from all the pixels in perisinusoidal fibrosis (named PixsF, Figure 1e ) and the entire lobular area (named PixLa, Figure 1f ), according to the formula: area of perisinusoidal fibrosis ¼ PixsF/PixLa Â 100. Any fibrous septum lacking liver cell plates between collagen fibers was included in the area of portalbridging fibrosis. The walls of the centrolobular veins whose caliber was o200 mm were automatically included in the area of perisinusoidal fibrosis in order not to miss small expansions of perisinusoidal fibrosis abutting veinular walls (Figure 2 ), whereas larger centrolobular veins were not included in that area. The automated quantification was validated by successive steps that compared, qualitatively and quantitatively, an interactive portal and bridging fibrosis selection with the automated segmentation. The final study was conducted after an excellent agreement was reached between the automated measures and the interactive procedure in a first set of 214 liver specimens (intraclass correlation coefficient for the area of portal-bridging fibrosis ¼ 0.998; intraclass correlation coefficient for the area of perisinusoidal fibrosis ¼ 0.9977). This validation procedure is detailed in the Supplementary Information section.
Area of Steatosis. Liver steatosis was automatically detected by the morphometry software as previously described. 13 The area of steatosis corresponded to the ratio area of steatosis vacuoles/area of the whole biopsy sample.
Fractal Dimension. The box counting method provided the Kolmogorov fractal dimension for fibrosis, as already described. 9 Briefly, graphs of the box counting study were performed for boxes of different sizes in order to check the slopes of regression lines and extract a fractal dimension as a characteristic of a fractal organization of liver fibrosis (detailed data not shown). Thus, calculation of the fractal dimension was separately performed for whole fibrosis, portal-bridging fibrosis, and perisinusoidal fibrosis. 
Statistical Analyses
Quantitative variables were expressed as mean±s.d., unless otherwise specified. Correlations between quantitative variables were evaluated using Spearman's (Rs) correlation coefficient. The Lowess curve by weighted least squares was used to determine the average trend (50% of patients) of relationships between variables. 14 The statistical software programs used were SPSS version 11.5.1 (SPSS, Chicago, IL, USA) and SAS 9.1 (SAS Institute, Cary, NC, USA).
Results
General Characteristics of Patients and Liver Lesions
We excluded 28 þ 1 noncirrhotic patients from the initial series of 755 patients because their digitized liver specimen was o20 mm in length. Also, 47 additional patients without valuable morphometric measure due to artifacts were excluded. Cirrhotic cases (Metavir F4) were included irrespective of specimen length. Finally, 427 patients were included in the study. Patient and liver biopsy characteristics are detailed in Table 1 . The mean Figure 3 Distribution of fibrosis area as a function of Metavir F stage. Whole fibrosis area is in gray boxes, portal-bridging fibrosis area in white boxes, and perisinusoidal fibrosis area in dark boxes. The dark line in the middle of the box is the median, the bottom and the top of the box indicate, respectively, the 25th and 75th percentile, and the T-bars extend to 1.5 times the height of the box.
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Fibrosis quantification in chronic hepatitis C length of the digitized liver biopsy was 27.6± 7.3 mm in the whole cohort, and was 21.9 ± 9.6 mm in the cirrhotic group.
Relationships Between Quantification and Histological Scores
Fibrosis areas as a function of fibrosis stage. As expected, the area of whole fibrosis increased as a function of Metavir F stages and was significantly different between contiguous fibrosis stages ( Figure 3 and Tables 2 and 3 ). The area of perisinusoidal fibrosis increased from F0 to F2, and then remained fairly stable in F3 and F4 stages. The area of portal-bridging fibrosis showed a similar course than that of whole fibrosis. Notably, the area of portal-bridging fibrosis was significantly lower than the area of perisinusoidal fibrosis in F0-2 stages, was similar to the area of perisinusoidal fibrosis in F3 stage, and was markedly increased in cirrhotic patients, being significantly higher than the area of perisinusoidal fibrosis. Thus, the area of portal-bridging fibrosis represented the largest fibrotic compartment in end-stage liver disease. In addition, the area of portal-bridging fibrosis showed highly significantly different values between contiguous stages and thus better discriminated fibrosis stages than did the area of whole fibrosis.
Fractal dimension of fibrosis as a function of fibrosis stage. The distribution of the fractal dimension in the different fibrosis compartments is shown in Figure 4 . The fractal dimension of whole fibrosis showed a roughly linear increase from F0 to F4 with a significant difference between contiguous fibrosis stages (detailed data not shown). The fractal dimension of perisinusoidal fibrosis increased from F0 to F2 and then stabilized, whereas the fractal dimension of portal-bridging fibrosis was not significantly different between fibrosis stages. Whatever the Metavir F stage, the mean and median values of fractal dimension of portal-bridging fibrosis were higher than those of perisinusoidal fibrosis. The mean fractal dimension of portal-bridging fibrosis was 1.62 ± 0.09 that suggests, according to fractal geometry, that portal-bridging fibrosis tends to display a homogeneous surface-like organization. On the contrary, the fractal dimension of perisinusoidal fibrosis showed values closer to 1 (mean 0.83±0.17) that suggests a curvilinear organization. Figure 4 Distribution of fractal dimension of fibrosis as a function of Metavir F stage (similar signification of the box plots as in Figure 3 ). Whole fibrosis is in gray boxes, portal-bridging fibrosis in white boxes, and perisinusoidal fibrosis in dark boxes.
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Fibrosis areas as a function of hepatitis activity. The areas of whole fibrosis and of portal-bridging fibrosis significantly increased as a function of Metavir A grade (Table 4 ) with significant differences between contiguous grades, except between A0 and A1 for the whole fibrosis (detailed data not shown). The area of perisinusoidal fibrosis was significantly different between A2 and A3 grades (Po0.001), but not between A0 and A1 grades, or A1 and A2 grades.
Steatosis area as a function of fibrosis stage. Steatosis area significantly increased as a function of Metavir F stage ( Table 2 ). The areas of portalbridging fibrosis and of perisinusoidal fibrosis were each weakly correlated with the area of steatosis: respective Spearman's coefficient: 0.131 (P ¼ 0.007) and À 0.144 (P ¼ 0.003). Figure 5a shows the average trend (Lowess curve by weighted least squares) of the relationship between the area of portal-bridging fibrosis and the area of 
Factors Influencing the Balance Between Portal and Perisinusoidal Fibrosis
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Fibrosis quantification in chronic hepatitis C perisinusoidal fibrosis. Both areas initially increased in the same way; then, the area of perisinusoidal fibrosis remained stable whereas the area of portalbridging fibrosis continued to increase. The ratio (area of portal-bridging fibrosis/area of perisinusoidal fibrosis) increased as a function of Metavir F stages (Table 2 ) and was significantly different between contiguous fibrosis stages (except between F0 and F1, Table 3 ). Interestingly, as shown in Figure 5b , the boxes of this ratio showed less overlap than observed for the area of whole fibrosis in Figure 3 . In addition, the ratio (area of portal-bridging fibrosis/area of perisinusoidal fibrosis) showed a remarkable gap between F2 and F3 stages (Figure 5c ). Using backward stepwise multivariate linear regression including age, sex, steatosis area, and Metavir A (A0-1 vs A2-3) as dependent variables, the ratio (area of portal-bridging fibrosis/area of perisinusoidal fibrosis) was independently associated with Metavir A grade and steatosis area. Figure 6 shows the distribution of the area of portalbridging fibrosis and the area of perisinusoidal fibrosis in the four subgroups of patients defined by Metavir A0-1 or A2-3 and steatosis area r1.5% or 41.5%. The contribution of the area of perisinusoidal fibrosis to liver fibrosis showed a rather similar course regardless of the activity or the steatosis amount, whereas the area of portal-bridging fibrosis was low in patients with low activity and little steatosis, and became predominant with increasing activity and steatosis. Liver stiffness measurement by Fibroscan was available for 391 out of the 427 patients included in the study. The area of portal-bridging fibrosis better correlated with the liver stiffness (expressed as LnKpa; Rs ¼ 0.583, Po0.001) than did the area of whole fibrosis (Rs ¼ 0.448, Po0.001), the area of perisinusoidal fibrosis (Rs ¼ 0.180, Po0.001), the ratio (area of portal-bridging fibrosis/area of perisinusoidal fibrosis) (Rs ¼ 0.481, Po0.001), the area of steatosis (Rs ¼ 0.290, Po0.001), or the Metavir A grade (Rs ¼ 0.368, Po0.001). By stepwise multiple linear regression including age, sex, the area of whole fibrosis, the area of portal-bridging fibrosis, the area of perisinusoidal fibrosis, the area of steatosis, the Metavir A grade (0/1 vs 2 vs 3), the ratio of Fibroscan interquartile range/median, and the digitized biopsy length as dependent variables, the Fibroscan result (LnKpa) was independently associated to the area of portal-bridging fibrosis (first step, Po0.001), the area of steatosis (second step, Po0.001), the Metavir A grade (third step, P ¼ 0.001), the ratio of liver stiffness interquartile range/median, reflecting its reliability (fourth step, P ¼ 0.003), and the digitized biopsy length (fifth step, P ¼ 0.010).
Discussion
Many previous quantifications of liver fibrosis in chronic HCV infection with image analysis found that the fibrosis ratio (ie, the proportion of the whole tissue area occupied by collagen stained by trichrome or picrosirius stain) increased with the histological stages. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Notably, all these aforementioned studies used an interactive threshold to select fibrosis-related pixels that is time consuming for the operator and a possible source of intra-and interobserver variability. Moreover, none of these studies sought to determine the fibrosis ratio according to its topography in the liver tissue. In our study, we developed an original and reliable image analysis system based on an automated threshold and automated segmentation allowing a distinct quantification of whole fibrosis, portal-bridging fibrosis, and perisinusoidal fibrosis in the entire biopsy specimen. Our method was designed with picrosirius red stain and not with trichrome stain because of insufficient contrast between brown hepatocytes and green/blue collagen in the black and white binary image. We found a similar range of whole fibrosis area values in the F0, F1, and F2 stages than in a previous study using the Metavir score, 18 whereas the whole fibrosis area values in the F3 and F4 stages in our series were notably lower (mean % in the present study: F3 ¼ 6.04; F4 ¼ 8.39 vs respectively 14.7% and 25.1% 18 ). This may be explained by distinct populations of patients with different chronic hepatitis C severity, as that study used 17 samples obtained from liver surgery for liver tumors, 18 whereas we used trans-costal biopsy, mostly performed at initial evaluation of the chronic liver disease. In addition, the area of portal-bridging fibrosis not only increased as a function of the Metavir stage, as did the area of whole fibrosis, but also showed more significant different values when contiguous stages were compared.
A few morphometric studies have focused on the different fibrosis compartments in CHC, [24] [25] [26] [27] [28] but owing to variations in methods, patient populations, and study goals, the results are hardly comparable to ours and between each other. The largest series in nontreated patients with chronic viral hepatitis showed that perisinusoidal fibrosis was twice more prominent in chronic hepatitis C than in chronic hepatitis B in early fibrosis stages (Fr2). 28 This is an interesting finding as, unlike fibrosis in alcoholic or nonalcoholic steatohepatitis, perisinusoidal fibrosis has not been classically described as a significant lesion in CHC and is not included in the most used histological scores. In addition, a good correlation was observed between perisinusoidal fibrosis and stellate cell activation highlighted by a-smooth muscle actin immunostaining. 28 Stellate cell activation in CHC is likely, as in vitro interactions have been described between these cells and HCV components 29, 30 and results in progressive deposition of type I and III collagen fibrils that are easily identified with the picrosirius stain. 7 In our study, we defined perisinusoidal fibrosis as picrosiriusstained fibrils separated by liver cell plate. Fibrous septa resulting from the thick coalescence of perisinusoidal fibrosis were excluded from the quantification of perisinusoidal fibrosis. With this strict definition, we showed that in early fibrosis stages (Fr2), there was a significant increase of perisinusoidal fibrosis from F0 to F2, and that mean and median values of the area of perisinusoidal fibrosis were higher than those of portal-bridging fibrosis. In subsequent stages F3 and F4, the area of perisinusoidal fibrosis stabilized that may be explained by the growing proportion of liver tissue occupied by thickened septa and cirrhotic annular fibrosis along with loss of hepatocytes. A caveat in the interpretation of morphometric results is the lack of normal range values for fibrosis area in healthy adult livers. As F0 is defined as the absence of portal fibrosis, one may logically assume that the very low mean and median area of portal fibrosis values in F0 reflect the normal portal collagen content. The proportion of normal vs pathological perisinusoidal fibrosis area remains unknown in F0. Nonetheless, our study clearly showed that a detectable and pathologic perisinusoidal collagen network is present in early fibrosis stages (F0 to F2) in CHC, with a quite wide range of values, as previously observed. 28 The mere quantification of fibrosis areas cannot describe the spatial organization of liver fibrosis. We thus provided by fractal analysis a quantitative index, the fractal dimension, that reflects the geometry of complex structures in space. Regular structures usually display integer dimensions: a solid surface has a dimension of 2, whereas a curvilinear structure has a dimension of 1, and isolated points have a dimension of 0. A fractal structure can show a noninteger dimension between 0 and 2, and this is usually associated with lacunarity or concentration over many spatial scales. As highlighted in Figure 4 , the distribution of the fractal dimensions as a function of Metavir stage was very different between portal-bridging fibrosis and perisinusoidal fibrosis. The mean fractal dimension of portal-bridging fibrosis value suggests a surface-type expansion, whereas that of perisinusoidal fibrosis suggests a curvilinear organization. In addition, the relative stability of the fractal dimension of portal-bridging fibrosis contrasts with the regular increase of the fractal dimension of perisinusoidal fibrosis as a function of Metavir stage. Further studies will be useful to explore the complex interactions governing the spatial distribution of whole fibrosis, portalbridging fibrosis, and perisinusoidal fibrosis in order to simultaneously ensure fractal organizations for the three fibrosis compartments.
Despite numerous studies, there is no clearcut consensus about the relationships between steatosis, inflammation, and fibrosis in chronic hepatitis C. In patients infected with HCV genotype 3, steatosis seems related to a direct cytopathic effect, whereas in genotype 1, steatosis is mainly related to an associated metabolic syndrome. 31, 32 Clouston et al 33 noticed a statistically significant association between subsinusoidal fibrosis and the steatosis grade (both histologically assessed without morphometry), although the latter did not correlate with the extent of a-smooth muscle actin immunostaining as a marker of stellate cell activation. Subsequently, Walsh et al 34 observed that, in the presence of steatosis, apoptosis was associated with activation of stellate cells and increased stage of fibrosis. Moreover, patients with subsinusoidal fibrosis had a higher mean body mass index than those without subsinusoidal fibrosis, which suggested a role of the metabolic syndrome. In a meta-analysis, 35 the presence of necroinflammatory activity was independently associated with the presence of fibrosis and steatosis. But in another large cohort, 36 steatosis was associated with higher body mass index but not with the presence, or subsequent progression, of fibrosis. Bedossa et al 37 further demonstrated that HCV-infected patients with nonalcoholic steatohepatitis showed a higher Metavir fibrosis stage than HCV-infected patients with only steatosis, but perisinusoidal fibrosis was not mentioned in this study. In our series, the ratio (area of portal-bridging fibrosis/area of perisinusoidal fibrosis) was independently associated with the Metavir A grade and the steatosis area. However, this observation cannot explain a mechanistic link between these lesions.
Noninvasive methods to evaluate liver fibrosis have mainly been developed on the basis of histological scores as the best reference test to assess the accuracy of discriminating 'clinically significant fibrosis' and/or cirrhosis. 4 Some studies also used image analysis of liver tissue to evaluate correlations between the proportion of whole collagen fibrosis and transient elastography. 27, [38] [39] [40] Wong et al 27 observed in an univariate analysis that 'pericellular fibrosis' better correlated with liver stiffness measurement than 'periportal' or 'perivenular fibrosis,' especially in patients with severe fibrosis. This study and ours are barely comparable, because of size difference and different methodology. In contrast, we found that portal-bridging fibrosis correlated with liver stiffness measurement more accurately than did whole fibrosis or perisinusoidal fibrosis. Moreover, after multivariate analysis, portal-bridging fibrosis appeared as the first independent variable associated with liver stiffness measurement. Our observation suggests that misclassification of patient's stage that may occur with Fibroscan is not influenced by perisinusoidal fibrosis.
In summary, we have designed a fully automated image analysis system to separately quantify whole fibrosis, portal-bridging fibrosis, and perisinusoidal fibrosis in a large series of chronic hepatitis C. We have shown that Metavir stage F2, which is usually considered as the start point of 'significant fibrosis' in clinical practice, indeed appeared as a pivotal stage in the natural history of HCV fibrosis: perisinusoidal fibrosis progressively develops with an area higher than that of portal fibrosis in stages rF2 and then stabilizes, whereas portoseptal fibrosis area accounts for the largest compartment in cirrhosis. Analysis of fractal geometry in the distinct fibrosis compartments suggested that portalbridging fibrosis and perisinusoidal fibrosis display different types of spatial organization, with complex interactions as yet to unravel. The area of portalbridging fibrosis and the ratio (area of portalbridging fibrosis/area of perisinusoidal fibrosis) more accurately discriminated fibrosis stages than the usual whole fibrosis quantification. Portal-bridging fibrosis showed various correlations with steatosis and hepatitis activity and highly correlated with liver stiffness measured by transient elastrography. Our study does not support the necessity of a routine assessment of perisinusoidal fibrosis in chronic hepatitis C. This new image analysis method may be a reliable, reproducible, and precise tool in large cohorts where noninvasive tests and histologic examination are used to evaluate liver fibrosis in its natural or posttherapy history.
